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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
Airworthiness regulations require operating advanced aircraft structures in compliance with a damage tolerance philosophy. 
Therefore, flight safety and structure reliability in service must be ensured using many types of additional activities, such as 
damage detection, crack growt  prediction and critical size of cracks determination. As a result, the stru tur l health monitoring 
of aircrafts using various detection principles is needed. The paper documents the use of an acoustic emission method for the 
health monitoring of a typical airframe structure. It is represented by an integrally stiffened metallic panel demonstrating a 
bottom wing panel of a commuter aircraft. A fatigue test of the panel under a flight-by-flight loading sequence was performed. 
The crack growth was monitored by a visual method (VT) and an acoustic emission (AE) method. Several AE sensors placed in 
different configurations were used. AE reached very good agreement with the crack growth data, although the presented test was 
partially conducted in a noisy environment. The de-noised AE parameters were ev luated according to the actual position of the 
sensors and the crack tip. T e influ nce of stringers on the measured signal changes was stu ied as well.  
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1. Introduction 
The structural elements of an aircraft that carry all modes of applied loads are referred to as the primary structure. 
Different approaches have been developed over the years, beginning with the truss concept, followed by shell 
structures and alternatively sandwich structures. The shell concept utilizes sheet materials. These thin components 
shall be geometrically stiffened to avoid bulging in compression. There are two methods of manufacturing such 
structures. Stiffening elements may be added using either bonded joints or mechanically by rivets. The second 
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Fig. 1a) Initial notch, b) Overall view of the panel 
2.2. Sensor arrangement 
13 IDK-09 PZT sensors made by the Dakel Company were used to detect the elastic waves with calibration for 
the frequency range from 25 kHz to 600 kHz. Data were recorded by Dakel-Xedo measuring and a data acquisition 
system with a 4 MHz sampling rate and a 1 µs time resolution. The acoustic coupling between the sensors and the 
specimen surface was completed using a PMMA-based adhesive kit. 12 (no.S1-S12) sensors were placed in the area 
of crack propagation – above and below the crack plane. Sensor S13 was placed as a guard sensor outside the 
predicted area of crack propagation. The sensor sensitivity was enhanced with a 34 dB preamplifier, and the SW 
amplification was set to 15/20 dB. The crack length was monitored visually and using a set of video cameras. 
 
Fig. 2 Scheme of the sensor placement, dimensions in mm 
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technology is machining the thick plates into integrally stiffened parts to be used as wing panels or fuselage (T. U. 
Delft 2016). 
Based on the airworthiness standards the structural elements are designed, tested and evaluated according to a 
damage tolerance approach, assuming the occurrence of flaws. Subsequently, during the operation of an aircraft, the 
critical areas are regularly inspected using the most suitable NDT methods. The criteria require repeatable flaw 
detection with a 90% probability of detection with 95% confidence (Thompson 1993). The appropriate NDI methods 
are specified in the manufacturer´s maintenance manuals as well as requirements for inspector experience. 
Commonly applied techniques include visual inspection, magnetic particle, liquid penetrant, eddy current, ultrasonic, 
radiography and infrared thermography (FAA 2016, Khan 2016). Decreased maintenance costs and increased 
aircraft availability and quality control led to the development of structural health monitoring (SHM) systems. Some 
SHM concepts have already been on some level implemented in aerospace and other engineering structures 
(Gardiner 2016). Great effort has been dedicated to the acousto-ultrasonic approach and fibre Bragg grating (FBG) 
sensors. One potential method that may be considered is acoustic emission (AE).  
Detection, localization and identification are considered the three levels of AE data evaluation. Assuming a 
noiseless environment, the proximity of sensors to the damage area, and a geometrically simple structure, AE is fully 
capable of crack detection and crack tip localization in metals as well as in composites (Michalcova 2016). The 
actual test or operational conditions do not meet any of these criteria. Many or even most of the recorded AE signals 
may be caused by different noises. However, suitable signal processing and data analysis tools may overcome some 
of these difficulties. Previous studies successfully used cluster analysis for standard AE parameter evaluation, 
waveform based signal processing, etc. (Li 2016, Lu 2011). 
The objective of this paper is to evaluate suitability of the AE method during the crack propagation in an 
integrally stiffened panel in terms of crack detection and monitoring. There are many signal processing tools that can 
be exploited for standard AE parameter evaluation in partial stages of the test, but these tools are not suitable for the 
whole test. Therefore, attention is paid to differences in elastic wave propagation in the skin and in the stringer and 
the selection of related parameters. Two features of the AE events were selected. The ratio of the AE event duration 
distinguishes the actual crack tip position located either in the skin or the stringer. This evaluation is valid for 
sensors located on the opposite sides of the stringer. The second parameter able to evaluate the crack front position is 
the time difference of events for sensors mounted vertically at the same level. 
2. Experimental Procedures 
2.1. Specimen and test arrangement 
Mechanical testing was performed according to the ASTM E647-13 requirements. The integrally stiffened panel 
represents the bottom wing panel of a commuter aircraft. The specimen was machined from the aluminium alloy 
plate 7475 T7351 according to the AMS 4202 standard. The fatigue test was conducted using an MTS standard 
uniaxial hydraulic test machine with a capacity of 1 MN. The pre-cracking phase of the fatigue test was conducted 
under monotonic constant amplitude loading. Subsequently, during the phase of the crack propagation, the specimen 
was loaded by a flight-by-flight sequence representing the load spectra of the commuter type aircraft. The crack 
initiated from a drilled hole with a machined notch of a length of 2.5 mm located in the middle stringer and 
propagated approximately the same in both directions. The crack propagation phase was terminated after 3 581 300 
elapsed cycles, followed by a residual static test conducted to determine the residual strength of the cracked panel. 
The initial notch and the overall view of the panel represents Fig. 1. 
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Table 1. Phases of the fatigue test 
Phase Description Cycles 
1. Crack growth in stringer A 0 – 50 700 
2. Crack growth in the 1. skin (left and right) 50 700 – 3 000 000  
3. Crack growth in stringers B and C 3 000 000 – 3 150 000 
4. Crack growth in the 2. skin (left and right) 3 150 000 – 3 581 3000 
 
3.2. Parameter Δt 
The time difference of the elastic wave arrivals to the sensors was analysed, especially for sensors placed above 
each other. The crack propagated exactly between the S1S4, S2S5 and S3S6 sensors located on the left side of the 
panel, so the expected ∆t = 0 for these sensors would be assigned to the crack growth. As mentioned earlier, the ∆t 
taken into account was not limited by the sensor distance due to the effect of stringers. The boundary condition was 
set to +/- 500 μs.  Fig. 4 shows the plotted AE events according to ∆t. It is obvious that increasing the crack length 
(more interfaces) probably influenced the method of elastic wave propagation, and ∆t significantly 
increased/decreased (depends on which sensor picked up the wave first). To highlight the trend, the events were 
divided into 2 groups of +∆t and -∆t and then smoothed by the moving average. The changes in the trend are related 
to the sensor placement. As seen in Fig. 5, ∆t for sensors S1S2 changed when the crack tip was at the level of these 
sensors, then at the level between S1S4 and S2S5 and finally when the crack propagated through stringer B. Sensors 
S3S6 placed behind stringer B showed a significant change in trend when the crack started to propagate in stringer 
B. Until then, sensors S3 and S6 did not register any changes in the trend of ∆t. The sensors placed on the right side 
of the panel show analogous results. Sensors S11 and S12 placed behind stringer C registered significant changes 
after the crack started to propagate in stringer C. 
 
Fig. 4 Plotted events according to ∆t 
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2.3. Data separation 
In addition to the passive AE sensors, 28 active PZT sensors generating Ultrasonic Guided Waves (UGW) were 
mounted on the specimens´ surface. The signal was actuated in periodic sequences throughout the test. AE passive 
sensors recorded all UGW signals, which were considered from the point of view of AE as a useless signal 
necessary to be removed. Although UGW were generated as a sequence of burst signals, AE sensors registered them 
as long-duration waveforms composed of many short signals. Due to the large amount of recorded data (more than 
100 GB), the separation of the UGW was very time-consuming. The periodicity of actuating was not accurate, and 
not one of the fundamental AE parameters was able to distinguish UGW and AE signals. The simultaneous 
measurement of RMS (Root Mean Square) showed significant differences, so it was used as a mask for filtering AE 
events caused by UGW and real AE sources. Quasi-continuous AE data (periodic intervals of 200 s) with blank time 
intervals of approximately 100 s every 5 minutes were used for the further analysis. Fig. 3a gives an example of 
recorded AE events during UGW generation, which naturally do not respect the loading sequence. Fig. 3b shows 
real AE events occurring in compression cycles. 
Fig. 3 Recorded AE events a) generated UGW, b) real AE events 
3. Test results 
3.1. Data analysis 
The crack propagation data were divided into 4 groups for AE analysis, see Table 1. Due to the variable gain, 
changing environment noise and probably changes of acoustic properties of the panel during the test, it was not 
possible to evaluate the absolute values of the standard AE parameters. AE events directly representing the crack 
growth could not be extracted. Therefore, two key parameters were evaluated. For different pairs of sensors, events 
were chosen within the specific difference of the arrival times (∆t). The time differences were not limited by the 
distance between the sensors, so the range was broader. Especially during the phase of crack propagation in the 
stringers, mixes of primary waves and reflected waves were probably detected. Signals could be detected even after 
milliseconds in metals (Masaryk University 2016). Without a numerical model, it is not possible to assign this ∆t to 
the specific location of the source. There are difficulties even with the determination of the distance between the 
sensors due to the stringers, so the ∆t parameter itself was evaluated for different pairs of sensors. The second 
analysed parameter was the event duration ratio between paired events.  
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Fig. 7 Duration ratio rates for three intervals 
The plotted events characterized by the duration ratio were smoothed by the moving average and normalized. Fig. 
8 gives an example of the differences between data from sensors across the stringers and sensors mounted within the 
same part of the skin between 2 stringers (sensors S1S2 and S4S5). The difference in trends is significant. The ratio 
for the sensors across the stringers maintains the same level until the crack reached stringers B and C. It was proven 
that this parameter significantly increases when the crack starts to propagate in stringers B and C.  
 
Fig. 8 Duration ratios for different pairs of sensors 
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Fig. 5 Smoothed curves of +∆t and -∆t 
3.3. Duration ratio 
Acoustic emission events are characterized by the duration of an event. To be able to compare data for different 
sensors, the duration ratios were evaluated. The ratio was determined for pairs of sensors with ∆t of +/- 500 μs 
placed across the stringers. Fig. 6 illustrates AE events recorded by sensors S3 and S8 in terms of the duration ratio 
and coloured by the average frequency. There is an obvious change in the duration ratio and frequency because the 
crack tip reached stringers B and C. The rates of different intervals of duration ratio are depicted in Fig. 7. Based on 
these analyses, this parameter was evaluated for different pairs of sensors.  
 
Fig. 6 Plotted events according to duration ratio 
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4. Discussion 
The overall analyses indicate the following conclusions: 
 
 The simultaneous measurement of UGW and AE is inappropriate due to the necessity of filtering a large 
amount of data. 
 Numerical models would be useful for the appropriate sensor placement and specification of elastic 
wave propagation. Without relevant information about the wave propagation, it is not possible to 
determine even the distance between sensors across the stringers for the purposes of the source 
localization. For the crack monitoring, the data clearly indicate whether the crack propagates in the 
stringer or in the skin. 
 The influence of the stringers on the AE signals is significant because the crack starts to propagate in the 
stringers. The beginning of the crack propagation in the stringers was determined by both parameters – 
the AE event duration ratio and by ∆t changes in trend as well. Regarding the duration ratio, the sensor 
placement was found to be important. If the sensors are mounted within the same skin (in between the 
stringers), the duration ratio increases during the crack propagation within the skin and decreases when 
the crack starts to propagate in the stringer. If the sensors are mounted on opposite sides of the stringer, 
an obvious increase in the AE event duration ratios occurs when the crack starts to propagate in that 
stringer. The occurrence of a crack in the stringers was indicated by the ∆t parameter as well, namely by 
the change of the ∆t level of the sensors behind the stringers. 
5. Conclusions 
The purpose of this paper was to evaluate the suitability of the acoustic emission method for the structure health 
monitoring regarding the crack growth during the fatigue test of an integrally stiffened panel made from an 
aluminium alloy. It is evident that the study has been successful. Based on 2 physically different parameters, ∆t and 
event duration ratio, it was possible to determine when the crack started to propagate in the stringers. This 
conclusion is valid for pairs of sensors placed above each other and across the stringers as well. These 
configurations can be considered as complementary to each other. 
The next stage of our research will be focused on the experimental confirmation of these results during the 
forthcoming full-scale wing test of a commuter aircraft. 
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